The metabolism of phenanthrene by the fungus Cunninghamella elegans was investigated. Kinetic experiments using [9-'4C]phenanthrene showed that after 72 h, 53% of the total radioactivity was associated with a glucoside conjugate of 1-hydroxyphenanthrene (phenanthrene 1-0-,B-glucose). This metabolite was isolated by reversed-phase high-performance liquid chromatography and characterized by the application of UV absorption, 'H nuclear magnetic resonance, and mass spectral techniques. The results show that aromatic ring oxidation followed by glucosylation is a predominant pathway in the metabolism of the polycyclic aromatic hydrocarbon phenanthrene by C. elegans.
The metabolism of phenanthrene by the fungus Cunninghamella elegans was investigated. Kinetic experiments using [9-'4C] phenanthrene showed that after 72 h, 53% of the total radioactivity was associated with a glucoside conjugate of 1-hydroxyphenanthrene (phenanthrene 1-0-,B-glucose). This metabolite was isolated by reversed-phase high-performance liquid chromatography and characterized by the application of UV absorption, 'H nuclear magnetic resonance, and mass spectral techniques. The results show that aromatic ring oxidation followed by glucosylation is a predominant pathway in the metabolism of the polycyclic aromatic hydrocarbon phenanthrene by C. elegans.
The presence of polycyclic aromatic hydrocarbons (PAHs) in high concentrations in aquatic and terrestrial environments is of concern because many of these compounds are mutagenic and carcinogenic and thus may pose a health risk to humankind (11, 13, 14) . The high cost of trapping, incineration, or removal of PAHs from the environment has increased interest in the use of microorganisms for the biological decontamination and detoxification of PAH-polluted sites (17) .
We recently reported that the fungus Cunninghamella elegans metabolizes PAHs to compounds which are less mutagenic than the parent compounds and that fungal metabolism could be important in the bioremediation of PAHcontaminated waste sites (5, 6). C. elegans initially metabolizes PAHs to trans-dihydrodiols, phenols, quinones, and dihydrodiol epoxides. Sulfate, glucuronide, and glucoside conjugates of these primary metabolites have also been identified. C. elegans oxidizes PAHs in a manner similar to that reported for mammalian enzyme systems except that the absolute stereochemistries of the fungal dihydrodiols are in most cases S,S, which are opposite to those of the R,R-dihydrodiols formed in mammalian systems (3, 4, 7, 15, 16) .
We previously reported that C. elegans oxidizes phenanthrene at the 1,2-and 3,4-positions to form trans-dihydrodiols (7). Recently, we also found enzymatic attack at the 9,10-positions (unpublished observations), which are major sites of metabolism in the mammalian oxidation of phenanthrene (2, 8, 12) . In the present investigation, we extended our initial study of the fungal metabolism of phenanthrene by isolating and identifying a novel phenanthrene metabolite, a glucoside conjugate of 1-hydroxyphenanthrene MATERIALS AND METHODS Chemicals. Phenanthrene was purchased from Aldrich Chemical Co., Milwaukee, Wis., and was further purified by silica gel column chromatography with hexane as the eluant. [9-14C] ) . In experiments with [9-'4C]phenanthrene, 0.5-ml fractions were collected from the HPLC system every 0.5 min and added to scintillation vials containing 10 ml of Aquasol-2 (Dupont, NEN Research Products, Boston, Mass.). Radioactivity was determined with a Beckman LS 100 scintillation spectrometer.
The UV-visible absorption spectra of the metabolites were determined in methanol by using a Beckman model 25 recording spectrophotometer. The major phenanthrene metabolite was acetylated by taking 80 ,ug of the compound and mixing it with 0.5 ml of ethyl acetate, 5 ml of pyridine, and 1 ml of acetic anhydride and incubating the mixture at 70°C for 5 h. The reaction mixture was evaporated under nitrogen, and the residue was dissolved in methanol and analyzed by mass spectrometry. Mass spectral analyses of the phenanthrene metabolites were performed initially on a Finnigan MAT 4023 quadrupole mass spectrometer by using a platinum wire direct exposure probe with a Vacumetrics current controller. The conditions were electron impact (El) at 70 eV with an ion source temperature at 270°C. The quadrupole was scanned from 100 to 500 mlz with a scan time of 1.5 3A. UV and mass spectral data indicated that the major fungal metabolite of phenanthrene was a monohydroxylated derivative of phenanthrene. However, the 500-MHz 'H NMR spectrum established the presence of a conjugate containing seven aliphatic resonances (Fig. 4) , which is consistent with a carbohydrate. By using the method of computer simulation, it was possible to obtain precise measurements of the spectral parameters, including the coupling constants (Js), in spite of the spectral complexity (Table 1) .
In order to elucidate the structure, we used a new approach that is based on the idea that analysis of the relative orientation of H-C-C-H fragments can reveal the nature of the carbohydrate. This stereochemical information can be obtained from the dependence of coupling constants (Js) on dihedral angle. The method is expected to be most accurate for the case for which a single conformation predominates. Of particular interest are the coupling constants J1'2' (7.8 Hz), J2'-3' (9.2 Hz), J3'-' (8.8 Hz) and J4,_5' (9.8 Hz) of the conjugate (Table 2) , all of which have values indicative of dihedral angles near 1800 for each pair of protons. This is exactly the spatial arrangement expected for a ,-glucopyranose in the chair conformation with the substituents in equatorial positions. The experimental J values of the conjugate are in excellent agreement with predictions for a conformationally pure and undeformed chair conformation as well as with experimental observations on simpler glucosides (1). The other possible types of pyranose rings, including the a-anomer, can be ruled out because they would have different sets of J values. This demonstrates utilization of computer simulation of J values for structure elucidation of a complex fungal metabolite.
The site of substitution on the phenanthrene ring was determined from analysis of the coupling pattern in the aromatic region of the NMR spectrum, particularly from the long-range coupling between protons in epi positions and in bay positions (Table 2) (9). A nuclear Overhauser effect between protons 4 and 5 further established the assignment of these two protons and thus the point of attachment at Cl as well.
Acetylation of the metabolite and subsequent El and fast atom bombardment mass spectral analyses confirmed that the compound was a glucoside conjugate. Figure 3B shows the El mass spectrum of the peracetylated derivative of the conjugate. There is a weak molecular ion at mlz 524 and characteristic fragment ions (mlz 331, 169, and 109) for the acetylated glucose (7); the free phenol ion (mlz 194) was monitored by HPLC and liquid scintillation counting (Fig. 5) . Maximum accumulation of the metabolite occurred 72 h after the addition of phenanthrene and accounted for about 50.0% of the total radioactivity. Phenanthrene was completely transformed after 96 h of incubation; however, the concentration of the glucoside conjugate of 1-phenanthrol declined after 72 h. These results suggest that this glucoside metabolite can be further transformed by C. elegans to a more polar product. There is a considerable amount of radioactivity that eluted within the first 10 min of the HPLC elution profile (Fig. 1) . The compounds eluting between 5 and 10 min have previously been identified as trans-dihydrodiols (7). The polar material eluting between 3 and 5 min has not been characterized.
A comparison of the results of the present study with those reported previously on the fungal metabolism of phenanthrene (7) indicated that although the 1,2-, 3,4-, and 9,10-double bonds are sites of enzymatic attack to form trans- 
